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INTRODUCTION
Follicle stimulating hormone receptor (FSHR) is a G-protein coupled receptor (GPCR) exclusively expressed in the gonads to regulate reproduction in mammals. 1,2 FSHR transmits the signal generated by the follicle stimulating hormone (FSH) to promote the development of ovarian follicles in females and maturation of germ cells in males. 1,2 FSH is secreted from the brain as a heterodimeric glycoprotein. It is a member of the glycoprotein hormone family, which also includes the lutenizing hormone (LH), chorionic gonadotropin (CG), and thyroid stimulating hormone (TSH). 3 The glycoprotein hormones exert their actions by directly binding to their cognate receptors on the target cell surface.
The glycoprotein hormone receptors belong to a subfamily of GPCRs called the leucine-rich repeat-containing GPCRs (LGRs). 4 These receptors are distinct by having a large extracellular domain with multiple leucine-rich repeats (LRR) in addition to the seven-helix transmembrane domain. The extracellular domains of the LGRs are responsible for binding protein ligands such as glycoprotein hormones and relaxin. 4 The LRR motif contains the consensus sequence LxxLxLxxNxL, where x denotes any amino acids. [5] [6] [7] The conserved leucine can be replaced by other hydrophobic residues such as isoleucine, valine, and phenylalanine; the consensus asparagine can be substituted with a cysteine or threonine. LRRs vary in length and are usually between 20 and 29 residues long. 5,6 The first crystal structure of a LRR protein was that of porcine ribonuclease inhibitor (RI). 8 It has a horseshoe-like structure with repeating units of a short b-strand and a a-helix. The b-strands form a parallel b-sheet along the concave surface of the curved structure, which has been found in all known LRR structures. The a-helices in RI form the convex surface of the structure. In addition to helices, the inter-strand segments can also adopt extended conformations. A survey of the known structures of LRR proteins indicates that the proteins with more irregular repeats also have more irregular 3D structures. 6 The complex structure of human FSH bound to the hormone-binding domain of FSHR (FSHR HB ) has been determined. 9 It reveals a highly irregular receptor structure with 10 imperfect LRRs. In this study we present a detailed comparison of FSHR HB with other known structures of the LRR family, and ABSTRACT Proteins with leucine-rich repeats (LRRs) specialize in mediating proteinprotein interactions. The hormone binding portion of the receptor for follicle stimulating hormone (FSH) is an LRR protein by sequence, and the crystal structure of this domain from human FSH receptor in a complex with FSH shows that it does indeed have an LRR structure. It differs from other LRR domains, however, in being an all-b protein composed of highly irregular repeats and having only slight overall curvature. Despite these distinctions and a superficial resemblance to b-helical proteins, the binding domain of FSH receptor clearly is an LRR protein. The structure does consist of two parts with distinctively different curvatures. Comparison with the structures of other LRR-containing proteins shows a correlation between curvature and mainchain hydrogen bonding pattern of the parallel b-sheet. The hormone-binding site is located at the concave surface of the receptor structure, a feature common to proteins with LRR motifs. Analysis of the ligand-binding site of LRR-containing proteins reveals that they generally utilize extensive interface area and a large number of charged residues to facilitate high-affinity protein-protein interactions.
analyze the general properties of the ligand-binding site in various LRR structures.
RESULTS AND DISCUSSION

Curvature and main-chain hydrogen bonding
The structure of FSHR HB is a right-handed solenoid formed by 10 highly irregular LRRs [ Fig. 1(A,B) ]. It has an overall curved shape, with a parallel b-sheet along its concave surface [ Fig. 1(A,B) ]. The repeating structural unit consists of the b-strand on the concave inner side and a return loop segment on the convex back side, which for five of the repeats also contains at least one short b-strand including two with two b-strands separated by a bulge [ Fig. 2(B) ]. FSHR HB differs from most known LRR structures in the absence of helices on the convex surface [ Fig. 1(A,B) ].
The FSHR HB structure is unique in having two parts with distinctively different curvatures. The difference in curvature correlates with the main-chain hydrogen-bonding pattern in the parallel b-sheet. One part of FSHR HB comprises the C-terminal repeats 7-10, which adopt the signature horseshoe-type curvature of LRR fold. Here, the fourth peptide of each concave-surface strand is rotated such that its carbonyl oxygen points inward towards the solenoid core, and thus a row of would-be hydrogen bonds is lost from the sheet [ Fig. 1(C) ]. The b-strands in these repeats terminate at the residue with the inward pointing carbonyl, and most are only three residues long. The other part of FSHR HB consists of the N-terminal repeats 1-7. The parallel b-sheet formed by the strands in these repeats is essentially flat, with all of the carbonyl oxygen atoms lying within the plane of the b-sheet and forming hydrogen bonds with the amides from neighboring strands [ Fig. 1 (C), red dotted lines]. As a result, the b-strands for the N-terminal repeats extend beyond those in the C-terminal region, and are at least five residues long.
The parallel b-strands in the C-terminal portion of the FSHR HB structure have the canonical hydrogen-bonding pattern observed for most LRR proteins. As illustrated by two typical repeats from the structure of porcine RI, the b-strands of RI all have the inward pointing carbonyl at their end residues and are uniform in length (three residues long) [ Fig. 2(A) ]. This contrasts with the longer, regular strands in the flat portion of FSHR HB [Fig. 2(B) ]. The structure of RI exhibits a single curvature as a result of its highly regular repeating units. Like RI, most known LRR structures have a single curvature with all the b-strands being three-residues long. The FSHR HB structure presents a first example of LRR fold that exhibits correlated variation in the length of the parallel bstrands, their main-chain hydrogen bonding pattern, and the curvature of the structure.
Irregular repeats of the FSHR HB structure FSHR HB consists of 10 highly imperfect repeats, and is one of the most irregular LRR structures known to date. A structural alignment of the individual repeats within FSHR HB shows that they have the consensus sequence motif of x 1-2 LxxLxIxxNx 1-2 LxxIx 2-4 Fx 1-6 , where x indicates any amino acid. The first consensus L in the sequence of FSHR HB is sometimes replaced by hydrophilic and even charged residues As in all LRR structures, the side chains of these conserved residues form the hydrophobic core of FSHR HB . At any given consensus position, however, the amino acid shows more variation in the sequence of FSHR HB than most other proteins with LRR motifs. Sequence diversity is also found at the consensus positions of LHR HB and TSHR HB [ Fig. 3 
Variation also occurs at the consensus N of the FSHR HB sequence [ Fig. 3 (A), 10th position]. Most LRR proteins have a conserved asparagine or cysteine residue at this location. 5,6 In contrast, an asparagine residue is present in only four of the FSHR HB repeats; it is replaced by threonine, serine, and even alanine in others. More divergence can be seen in the sequences of LHR HB and TSHR HB , which also include leucine, isoleucine, and aspartate residues at this position [ Fig. 3 (C,D)]. Residues at the consensus N position are located at the turns immediately following the parallel b-sheet. In most LRR structures, the asparagines or cysteine side chains from successive turns stack together in a ladder. They form hydrogen bonds with the main chain of the previous repeat as well as the inward pointing carbonyl upstream of the same repeat. 5,6 A similar hydrogen bonding network is also observed for the asparagines, threonine, and serine side chains in FSHR HB . The alanine at this position in repeat 4 simply packs against other hydrophobic residues in the core. Similar packing interactions could be expected for the hydrophobic residues found at this position in the LHR HB and TSHR HB sequences.
The LRRs of FSHR HB vary in their overall lengths [ Fig.  3(A) ]. The first repeat is an integral part of the N-terminal flanking region. This repeat is the shortest, consisting of only 19 amino-acid residues. The last repeat is incomplete in the FSHR HB structure because it is partially disordered. Length of the central eight repeats range from 22 to 26 residues. The repeats of FSHR HB are shorter than those observed in the structure of RI, that are either 28 or 29 residues long. The shorter repeats of FSHR HB are consistent with the extended conformation on the convex side of FSHR HB , in contrast with the helical return in RI.
The repeats of FSHR HB also have different conformations ([ Fig. 3(B) ]. The predominant conformation is observed in repeats R2, R3, R4, and R8, which are 24 to 25 residues long [ Fig. 3(B) , gray]. The average r.m.s.d. for the backbone atoms of these repeats is 1.04 AE 0.18 Å . The only significant difference among them is a kink around position 13, which contains either one or two residues. Repeats R6 and R7 form a separate set because of their distinct conformation at the second position, which corresponds to the first consensus L [ Fig. 3(B) , green]. In contrast to the hydrophobic residues found among the rest of the repeats, residues at this position in R6 and R7 include a lysine and serine. Their side chains face outwardly and are solvent-exposed, consistent with the hydrophilic nature of these amino acids. As a result of the unique main-chain conformation observed at the second position of R6 and R7, their parallel b-strands are extended by one residue at the beginning. R1, R5, and R9 exhibit dramatically different conformations from all other repeats [ Fig. 3 Fig. 4(A) ]. The common features of FSHR HB , NgR and GpIba include an extended shape with low curvature and the lack of regular helices on the convex surface of the structures. FSHR HB is also similar to the NgR structure in the presence of a Phe ladder on the convex side [ Fig. 4(A) ]. These Phe residues are conserved in the sequence of LHR HB and TSHR HB [ Fig. 3(C,D) ]. Nevertheless, NgR and gpIba structures are much more regular than FSHR HB both in the length and overall conformation of their repeats. For example, all the LRRs of NgR are 24 residues long except for one repeat which contains 25 amino acids. 10,11 Unlike FSHR HB , which shows different curvature for different parts of the structure, both NgR and gpIba have a single curvature. The structures of NgR and gpIba are also more similar to one another (r.m.s.d. of 1.39 Å for 192 Ca atoms) than either is to FSHR HB .
LRR domains often have flanking regions at the Nand C-termini to cap the hydrophobic interior of the solenoid structure. 6 A homologous N-terminal flanking module is found in the structures of FSHR HB , NgR, and GpIba [ Fig. 4(A,B) ]. All three structures contain a bhairpin secured by a disulfide bridge. An additional disulfide bond is present in FSHR HB and NgR, which bridges the N-terminus to the b-hairpin. The N-terminal b-hairpin motif is termed the ''b-finger'' in the structure of GpIba; it protrudes to one side of the concave surface and is involved in binding the von Willebrand factor (VWF) ligand. 12 NgR has a very similar ''b-finger'' which is only one residue shorter than the one in GpIba 10,11 [ Fig. 4(B) ]. The b-hairpin in FSHR HB is four residues shorter than the ''b-finger'' of GpIba, and does not protrude into the concave side of the structure as in GpIba [ Fig. 4(A) ]. Furthermore, the N-terminal b-hairpin in FSHR HB does not participate in ligandbinding.
The structures of FSHR HB , NgR, and GpIba all have different C-terminal caps. The C-terminal flanking region in FSHR HB adopts different conformations in the two molecules of the asymmetric unit due to different crystal packing environments. This region is also partially disor- dered, suggesting that its conformation is flexible in the isolated structure of FSHR HB . Furthermore, this region is not involved in hormone binding by FSHR HB . In contrast, the C-terminal flanking region in the structure of GpIba contains a ''b-switch,'' which is the site of most extensive contacts with VWF 12 [ Fig. 4(A) ]. NgR has a cysteine-rich module at the C-terminus formed by several helices, which has also been implicated in ligand-binding 10,11 [ Fig. 4(A) ].
Comparison with b-helical proteins
Proteins with LRRs share certain structural features with b-helical proteins, which also include a righthanded solenoid structure, rows of hydrophobic residues constituting the hydrophobic core of the structure, and an asparagine ladder with a hydrogen-bonding network between the asparagine side chains and the main chain of neighboring repeats. 5,6,14-17 The L-domains of insulin receptor and epidermal growth factor receptors contain both LRR and b-helical protein features. 18 Because FSHR HB is unusual among LRRs in being an all-b protein, its analogy with b-helical proteins is especially evident.
Similarities between LRR and b-helical proteins are somewhat superficial, however, and there are distinct differences both in sequence and structural characteristics [see Fig. 5 ]. First of all, the hydrophobic core of LRR structures are mostly filled with the LRR namesake leucines, while the majority of interior residues in b-helical proteins are valines and isoleucines. These valines and isoleucine residues feature in cupped stacks within the solenoid, 17 but a recurrent sequence motif is not evident in b-helical proteins 19 whereas it is in LRRs. Second, a signature characteristic of LRR proteins is their horseshoe-type curvature. 5, 6, 14 In contrast, the solenoid tube of b-helix proteins such as pectate lyase C (PelC) is straight. 15,16 Third, LRR proteins all have in common one parallel b-sheet which spans the concave surface of the LRR solenoid, whereas there can be either a-helices or extended loops on the convex side. 5,6,14 In a typical b-helix protein, each rung consists of three b-strands 15-17 that take part in three parallel b-sheets, each of which spans the entire solenoid. Two of the b-sheets form an antiparallel b-sandwich, while the third is perpendicular to the b-sandwich. 15,16 Fourth, the concave-surface bsheet of a LRR structure typically features an interrupting inward-pointing carbonyl [ Fig. 2(A) ], which is associated with LRR curvature. This peculiar hydrogen-bonding pattern is not observed in any of the b-sheets in a b-helix, where all carbonyl groups lie flat within the b-sheet [ Fig. 2(C) ]. As a result, the b-sheets of a b-helical protein are not curved and they vary in strand length. Finally, in most LRR structures, the parallel b-sheet on the concave surface is flat, 5,6,14 whereas in a b-helical structure at least one of the b-sheets has a left-handed twist with respect to the cross section of the solenoid. [14] [15] [16] An overall twist of the entire solenoid is observed in the LRR structures of three internalins 20-22 and YopM, 23 but unlike the twisted b-sheets in b-helical structures, these LRR sheets track with the cross section of the tube along the entire path of the solenoid.
Although the structure of FSHR HB has only b-strands, its overall architecture resembles that of a LRR module more closely than a b-helix. The C-terminal four repeats of the FSHR HB structure have the signature curvature, short b-strands and canonical hydrogen-bonding pattern of all LRR structures. The N-terminal six repeats of FSHR HB contain certain features of a b-helical protein such as the lack of curvature and inward pointing carbonyl groups at the end of b-strands. Two of the repeats (R3 and R4) in the N-terminal part of FSHR HB structure even contain three b-strands, but these follow one another in parallel on the concave face of FSHR HB . In contrast, none of the three b-strands of any repeat in a b-helix are parallel and they are always in sheets running the entire length of the solenoid. The N-terminal part of the FSHR HB structure also differs from b-helical proteins in being completely untwisted.
Common ligand-binding mode by LRR structures
Proteins containing LRRs participate in a wide range of cellular functions, including signal transduction, enzyme inhibition, cell adhesion, and RNA processing. A common feature of the LRR-containing proteins is their role in mediating protein-protein interactions. 5 Indeed, the adaptive immune response in sea lampreys is based on diverse LRR receptors rather than on immunoglobulins as in vertebrates, 24 and LRR-based libraries have been designed with diverse binding potentials. 25 In addition to the FSH-FSHR HB structure, 9 other known structures of LRR protein-ligand complexes include the por-cine RI-RNase A complex 26 and the related human RIangiogenin complex, 27 human platelet-receptor GpIba bound to the plasma protein VWF A1 domain (VWF A1), 12,28 human spliceosomal U2B@-U2A 0 protein complex, 29 internalin A (InlA) of Listeria monocytogenes bound to its human receptor E-cadherin 22 and internalin B (InlB) bound to the ectodomain of human receptor tyrosine kinase Met, 30 the ubiquitin ligase subunit Skp2 complexed with accessory protein Cks1, 31 human TSH receptor ectodomain bound to a thyroid-stimulating antibody, 32 a complex between Toll-like receptor TLR4 and its lipopolysaccharide (LPS)-binding cofactor MD-2, 33 and a human Slit-Robo receptor complex. 34 A survey of these complexes shows that the ligand is bound to the concave surface of the LRR protein in each case, and that the ligand-binding site involves the solvent-exposed parallel b-sheet and C-terminally adjacent loops (see Fig.  6 ). Other surfaces of the LRR architecture can also be utilized for protein interactions. An example is the complex formed between GpIba and thrombin where the convex surface of GpIba contains one of the thrombin recognition sites. 35, 36 The protein-protein interactions occurring at the concave surface of LRR structures are the focus of this study.
LRR proteins use large areas of solvent-exposed surface to facilitate high-affinity protein-protein interactions. For example, the dissociation constant (K d ) of the FSH-FSHR HB complex is in the nanomolar range 2 ; RI binds to RNase A with an inhibition constant (K i ) of 5.9 3 10 214 M 26 ; and GpIba binds to wild type VWF A1 with a K d of 30 nM, which is reduced 2.5 fold by a gain-offunction mutation in VWF A1. 12 The tight association is consistent with the extensive binding surface of LRR protein-ligand complexes, which ranges from 1800 Å 2 for U2B@-U2A 0 to 2600 Å 2 for the FSH-FSHR HB , RI-RNase A and InlA-E-cadherin interfaces. In all but one of the known cases of LRR protein-ligand complexes, the binding area is greater than the ''standard-size'' interfaces of 1600 AE 400 Å 2 found in noncovalent protein-protein complexes. 37 The receptor-hormone interface of the FSH-FSHR HB complex exhibits relatively lower shape complementarity than most protein-protein complexes. The median value of the shape correlation statistic (S c ) is used to describe the geometric match at protein-protein interfaces. 38 The S c value for the FSH-FSHR HB interface is 0.59. We also find similar shape complementarity values at the RI-RNa-seA, InlA-E-cadherin, spliceosomal U2B@-U2A 0 , GpIba-VWF A1, Skp2-Cks1, InlB-Met, TLR4-MD-2, and Slitrobo interfaces (see Fig. 6 ), with an average S c value of 0.61. In contrast, reported Sc statistics for protease-inhibitor and protein oligomer interfaces are in the range of 0.70-0.76, and the mean S c value for antibody-antigen interfaces is 0.66. 38 The relatively low S c statistics observed for LRR protein-ligand complexes may be related to the characteristics of LRR structures. The global fold of a protein containing LRRs is very constrained; the only variation at the concave face of the protein lies in its curvature. The side chains protruding from this concave face are responsible for providing all the shape complementarity toward the wide range of ligands that are recognized by LRR-containing proteins. As a result, the shape complementarity at the ligandbinding site of LRR-containing proteins are not as optimized as the hand-glove fit observed at protease-substrate and protein-protein inhibitor interfaces. LRR proteins bind to their ligands with high affinities despite the low shape complementarity observed at the interfaces. In order to understand what contribute to the tight binding, we have examined the nature of their extensive interactions. We find that the LRR protein-ligand interactions have an average buried charge density of 0.97 AE 0.16 charges/nm 2 , higher than for most protein-protein complexes (Fan and Hendrickson, unpublished data). Electrostatic interactions appear to play a predominant role for protein-protein recognition when the S c value at the interface is low; when the S c value is high, the contribution of charges can be high or low depending on the individual complex. Charged interactions are compatible with low shape complementarity because they have a less stringent requirement for geometric match than hydrophobic interactions.
In conclusion, the solenoid architecture of LRR modules provides a framework for proteins to bind a variety of ligands. The large surface area of the solvent-exposed parallel b-sheet and electrostatic attractions may play a role in the versatility of LRR motifs in protein-ligand recognition.
METHODS
Structural analysis
The structure of human FSHR HB complexed with FSH was determined at 2.9-Å resolution with two molecules in the asymmetric unit as described. 9 Secondary structure elements were assigned according to the algorithm implemented by DSSP. 39 Main-chain hydrogen bonds include amide to carbonyl interactions with O-N distances less than 3.4 Å and carbonyl to amide angles greater than 1208.
The solvent accessible surface area buried at proteinprotein interfaces were calculated with SURFACE 40 using a probe radius of 1.4 Å . The surface complementarity (S c ) at each of these interfaces was determined using the SC program. 38 Our procedures for determination of buried charge density will be described separately (Fan and Hendrickson, in preparation). Briefly, buried charge density at a protein-protein interface is defined as the number of charged residues buried at the interface divided by the interface area in nm 2 . The charged residues buried at interfaces include those which have at least one charged protein side-chain atom buried by the interactions.
Structural superpositions
The program LSQMAN 41 was used to perform pairwise comparison between FSHR HB and other known LRR structures. The superposition of individual repeats of FSHR HB was carried out using repeat 3 as the reference.
The optimal structural alignment between repeat 3 and every other repeat was determined by a brute-force algorithm in LSQMAN which searched for the best match by sequentially aligning eight-residue fragments. Each repeat was then superimposed onto repeat 3 in O 42 using the transformation matrix which related their best aligned segments.
Structure-based sequence alignment of leucine-rich repeats Sequence alignment of different repeats within each glycoprotein hormone receptor was performed manually. For human FSHR HB , the alignment for human FSHR HB was based on the amino acid residues aligned in the three-dimensional FSHR HB structure. The core region of b-strands was placed at the beginning of each repeat. For human LHR HB and TSHR HB , the alignment of repeats was based on the overall sequence alignment of the three human glycoprotein hormone receptors, and aimed at maximizing the number of identical residues at each position and placing gaps at consistent locations within the repeat.
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